In gene therapy for Duchenne muscular dystrophy there are two potential immunological obstacles. An individual with Duchenne muscular dystrophy has a genetic mutation in dystrophin, and therefore the wild-type protein is "foreign," and thus potentially immunogenic. The adeno-associated virus serotype-6 (AAV6) vector for delivery of dystrophin is a viral-derived vector with its own inherent immunogenicity. We have developed a technology where an engineered plasmid DNA is delivered to reduce autoimmunity. We have taken this approach into humans, tolerizing to myelin proteins in multiple sclerosis and to proinsulin in type 1 diabetes. Here, we extend this technology to a model of gene therapy to reduce the immunogenicity of the AAV vector and of the wild-type protein product that is missing in the genetic disease. Following gene therapy with systemic administration of recombinant AAV6-microdystrophin to mdx/mTR G2 mice, we demonstrated the development of antibodies targeting dystrophin and AAV6 capsid in control mice. Treatment with the engineered DNA construct encoding microdystrophin markedly reduced antibody responses to dystrophin and to AAV6. Muscle force in the treated mice was also improved compared with control mice. These data highlight the potential benefits of administration of an engineered DNA plasmid encoding the delivered protein to overcome critical barriers in gene therapy to achieve optimal functional gene expression.
Duchenne muscular dystrophy | gene replacement therapy | DNA plasmid | microdystrophin | mdx/mTRG2 mice D uchenne muscular dystrophy (DMD) is the most common and severe form of childhood muscular dystrophy that affects 1 of 5,000 live-born males (1, 2) . In DMD, mutations within the Xp21 allele result in a marked reduction or complete absence of dystrophin that affects plasma membrane integrity in both skeletal and cardiac muscle fibers (3, 4) . Confirmation of DMD includes serum creatine kinase (CK) levels at least 40 times normal levels, myopathy on electromyogram, and muscle histopathology with diverse fiber diameters, connective tissue proliferation, and signs of actively degenerating and regenerating myofibers (5) . Onset of DMD begins during early childhood, with progressive muscle wasting leading to skeletal muscle loss. Patients become wheelchairbound as teenagers and typically succumb from late-stage cardiac and respiratory failure in their third decade of life (6) .
With no known cure, both gene therapy and stem cell transplantation have been attempted in DMD in the past 20 y (7). Because the dystrophin gene is one of the largest known human genes at 2.2 Mb and 79 exons, and occupies roughly 0.1% of the genome, the packaging capacities of viral vectors have limitations (8, 9) . A minidystrophin gene, which ranges between 6 and 8 kb in size, was identified in a family with mild DMD and results in expression of one-half the size of full-length dystrophin, but is still too large to be packaged into a single recombinant adenoassociated viral (rAAV) vector (10, 11) . Several versions of microdystrophin genes (<4.0 kb in size) delivered by rAAV vectors produce about one-third the size of full-length dystrophin and have been effective in reversing the dystrophic phenotype in animal models (12) (13) (14) . The goal for rAAV vector gene replacement therapy in DMD is to achieve persistent transgene expression of dystrophin at therapeutic levels. However, the appearance of neutralizing antibodies and T cell host immune responses to AAV capsid and to dystrophin transgene products Significance Duchenne muscular dystrophy is a genetic disorder in which mutations in the dystrophin gene causes severe muscle wasting. A proposed treatment method involves systemic gene replacement therapy to introduce a functional dystrophin gene to the skeletal and cardiac muscles of the patient via rAAV6. A potentially serious problem may arise from immune recognition of dystrophin and the accompanying adeno-associated viral (AAV) vector. This unwanted immunity could interfere with successful long-term dystrophin expression by muscle cells. To suppress the unwanted immune response, a DNA vaccine was engineered to dampen immunity to both dystrophin and AAV6 capsid. Development of this engineered plasmid aims to improve gene replacement therapy and to overcome problems inherent with unwanted immunity to the encoded protein and to the delivery vector.
have been noted, in both animal and human clinical trials, reducing the expression of dystrophin in muscle (15) (16) (17) .
The mdx mouse model has a spontaneous X-chromosomelinked point mutation in the dystrophin gene, leading to nearcomplete absence of dystrophin protein (18) . This mouse has high serum levels of CK and pyruvate kinase, markers of myopathy (18, 19) . However, there are only mild skeletal muscle defects in the mdx model, suggesting that the model may best reflect Becker muscular dystrophy (20) . Moreover, there are frequent dystrophin + myofibers, representing somatic reversion or suppression of the mdx (21). Because a major difference between mice and humans is the length of their telomeres, the protective ends of chromosomes, a "humanized" secondgeneration double-knockout mdx/mTR G2 mouse model was developed, in which the lack of telomerase activity (mTR KO ) was combined with the mdx mutation (22) . In this mdx/mTR G2 model, the regenerative capacity of myogenic stem cells was greatly reduced, as they more rapidly reached proliferative exhaustion. Moreover, these double-mutant mice not only exhibited many of the severe skeletal muscle phenotypic characteristics of human DMD that progressively worsened with age, but they also had a reduced incidence of dystrophin reversion in the myofibers and manifested the severe dilated cardiomyopathy and significantly reduced lifespans seen in patients (23, 24) .
Engineered DNA plasmids to induce antigen-specific inhibition of immune responses in human autoimmune diseases have been developed in preclinical animal model settings (25) (26) (27) (28) . With this technology, specific inhibition of antigen-specific antibody and T cell responses have also now been described in clinical trials in humans with relapsing-remitting multiple sclerosis (MS) and type 1 diabetes mellitus (T1DM) (27, (29) (30) (31) (32) . When applied to autoimmune diseases with known antigen targets, this method may allow targeted reduction of unwanted antibody and T cell responses to autoantigens. Instead of taking therapeutic approaches where wide swathes of the immune response are suppressed, the approach with engineered DNA plasmids is a directed, antigen-specific approach to controlling unwanted adaptive immunity.
Our goal here was to diminish unwanted immune responses to dystrophin and AAV serotype-6 (AAV6) capsid to enhance gene replacement therapy. We showed that the addition of weekly microdystrophin tolerizing DNA vaccine injections over a 32-wk period reduced antibody reactivity to both dystrophin and AAV6 capsid, and that this enhanced muscle function.
Results
Study Design and Development of the Engineered Microdystrophin DNA Plasmid. We studied a systemically delivered AAV6-microdystrophin gene replacement therapy, and attempted to reduce its immunogenicity with an intramuscularly delivered engineered microdystrophin DNA plasmid vaccine. For gene replacement, we utilized an AAV expression vector encoding a 3.6-kb human microdystrophin cDNA that lacks a large portion of the rod domain and C-terminal domain of the full-size 11.2-kb dystrophin coding region, and cotransfected it with the pDGM6 packaging plasmid into HEK293 cells to generate rAAV6-microdystrophin vectors (33, 34) . Systemic administration of the rAAV6-microdystrophin vector genomes effectively restores functional dystrophin production by providing persistent and widespread transduction in the respiratory, cardiac, and skeletal muscles (33) (34) (35) .
For tolerization, defined as reducing adaptive immunity to the delivered gene product and to its vector, a DNA plasmid encoding microdystrophin was injected intramuscularly into the quadriceps of mice 1 wk after mice had been treated first with the rAAV6-microdystrophin gene vector given intravenously. Injection of the engineered DNA plasmid encoding microdystrophin was injected intramuscularly into the quadriceps of mice, weekly thereafter for 32 wk.
The construction of the engineered DNA plasmid encoding human microdystrophin (pBHT1CI-H3μDYS) was created by excising the 3,630-bp hinge 3 microdystrophin (ΔH2-R23+H3/ΔCT) cDNA from an AAV vector backbone plasmid (34) and inserting the cDNA into the 3,052-bp pBHT1CI plasmid backbone driven by a CMV promoter (Fig. 1A) . The backbone of pBHT1CI contains a chimeric intron sequence, and has been further modified to decrease the number of immunostimulatory unmethylated bacterial CpG motifs (26, 27) . These CpG motifs, that are recognized by Toll-like receptor 9 (TLR9), are substituted with immunosuppressive GpG motifs, which compete with CpG motifs for binding to TLR9 (26, 36) .
Dystrophin deficiency combined with telomere dysfunction in the double-knockout mdx/mTR G2 mouse model results in severe muscular dystrophy phenotypic characteristics similar to DMD patients. Clinical manifestations are far greater than those seen in the more commonly used mdx model (22) (23) (24) . In this study, asymptomatic 6-wk-old male mdx/mTR G2 mice were administered an intravenous bolus of 3 × 10 12 vector genomes of rAAV6-microdystrophin for systemic gene delivery of human microdystrophin (33) (34) (35) . Next, 0.25% bupivicaine-HCL was administered to both quadriceps to prime the muscles 2 d before engineered DNA plasmid delivery. Mice were then randomly divided into three groups of five mice each and injected intramuscularly into both quadriceps with either vehicle (1× PBS), empty vector (pBHT1CI), or the engineered human microdystrophin DNA plasmid (pBHT1CI-H3μDYS) (Fig. 1B) . In sum, after delivery of the gene therapy intravenously, beginning 1 wk thereafter, these mice were given 32 weekly intramuscular injections of vehicle, pBHT1CI, or pBTH1CI-H3μDYS before termination at 38 wk of age (Fig. 1C) .
Functional Assays Reveal Increased Muscle Force Measurements. The rapid and progressive wasting of striated muscle is a hallmark of DMD (37) . By providing a functional microdystrophin transgene in combination with an engineered microdystrophin DNA plasmid, we sought to determine whether this could effectively restore the generation of muscle force in vivo. Force measurements by electrical stimulation of the sciatic nerve within the lateral gastrocnemius muscle were performed in situ on the anesthetized mice. The investigator performing the force measurements was blind to the identity of the treatment groups. We noted significantly increased force generation between the treatment groups when measuring both the specific twitch force (Fig. 1D ) and specific tetanus force (Fig. 1E) . The group treated with the engineered DNA plasmid pBHT1CI-H3μDYS performed best, with statistically significant differences in both force measurements compared with the vehicle and pBHT1CI control groups (P < 0.05).
Cardiac involvement in DMD results from extensive fibrosis primarily affecting the left ventricle, beginning with sinus tachycardia and leading to progressive left ventricular dilation, systolic dysfunction, and ventricular arrhythmias (38) (39) (40) . Intravenous injection of rAAV6-microdystrophin vector genomes can effectively transduce both skeletal and cardiac muscles in mdx mice for up to 2 y (33, 35) . At the end of this study, 38-wkold male mdx/mTR G2 mice were anesthetized and tested for cardiac function by electrocardiography. The investigator performing the cardiac measurements was masked to the identity of the treatment groups. We found that the heart rates were significantly lower in all three treatment groups (SI Appendix, Fig.  S1A ), and the stroke volumes were notably higher in the vehicle group and in the pBHT1CI-H3μDYS group (SI Appendix, Fig.  S1B ) compared with naïve age-matched mdx/mTR G2 mice. However, at 38 wk of age, there was no difference in cardiac output between any of the groups. Moreover, even though the pBHT1CI-H3μDYS-treated mice had statistically higher left ventricular end diastolic volume (SI Appendix, Fig. S1D ) and left ventricular end diastolic diameter (SI Appendix, Fig. S1G ), there were no significant indications of cardiomyopathy between any of the three treatment groups versus the naïve group. These are indicated by both the percent ejection fraction (SI Appendix, Fig.  S1F ) and percent fractional shortening (SI Appendix, Fig. S1I ).
Mice were quickly killed and blood, spleens, and gastrocnemius muscles were collected for further analysis. To investigate whether muscle functional improvement was accompanied by an increase in dystrophin + myofibers, cryosections of gastrocnemius muscle were stained using an antibody specific for human dystrophin. As expected, mice that received rAAV6-microdystrophin in combination with the engineered DNA plamsid pBHT1CI-H3μDYS showed a substantial presence of dystrophin + myofibers (SI Appendix, Fig. S2 ). Given that expression of therapeutic human microdystrophin protein is extremely robust in mdx mice for at least a year (33, 35), we did not expect to see significant differences in dystrophin staining between the treatment groups at 38 wk of age.
Serum CK levels, a measure of active muscle degeneration, are grossly elevated before onset of DMD clinical signs and decrease with the progression of the dystrophic process (41, 42) . The mdx/mTR G2 model reflects this same trend when comparing between mice that were 8 wk vs. 60 wk of age (23) . In this study, we did not see any statistically significant differences in CK levels in the pBHT1CI-H3μDYS-treated group in 36-wk-old mice after 30 wk of treatment (SI Appendix, Fig. S3 ).
T Cell Reactivity Detected to Two Distinct Epitopes Outside of the Microdystrophin Transgene. We sought to reduce immunogenicity to AAV and to immunogenic domains of dystrophin to overcome the potential deleterious immune responses to these potential antigens, responses that diminish the benefits expected from gene therapy. Because AAV-specific T cells have also been reported to produce IFN-γ, IL-2, and TNF-α in patients (43), we next measured plasma cytokine levels to determine if the mdx/mTR G2 mice may have developed a peripheral inflammatory cytokine signature following systemic delivery of rAAV6-microdystrophin vectors. The investigator performing this assay was blind to the identity of the treatment groups. Mice were sampled early (week 5) ( Fig. 2A ) and late (week 32) (Fig. 2B ) in our study. Although there was a trend in decreased levels of IFN-γ, TNF-α, IL-6, and IL-17A within the pBHT1CI-H3μDYS-treated group compared with the vehicle group at the end of the study, overall these results were not statistically significant.
Spleens harvested from the mice were pooled into their respective treatment groups. A T cell proliferation assay was performed with overlapping 20-mer human dystrophin peptides, AAV6 capsid peptides, or control peptides, grouped in five peptides for a total of 62 groups for screening (SI Appendix, Table S1 ). We did not observe any robust T cell reactivity to any particular group of pooled peptides (Fig. 3A) . However, we noted that peptide groups 23 and 33 that spanned human dystrophin amino acid sequences 1,651-1,730 and 2,401-2,480 ( Fig.  3B ) appeared to have a modest T cell response. This was also observed at an earlier timepoint, sampled after intravenous injections of rAAV6-microdystrophin vector genomes followed by only three weekly intramuscular injections of pBHT1CI-H3μDYS (SI Appendix, Fig. S4 ). Here, naïve mdx/mTR G2 mice also had similar modest T cell responses to the peptide groups 23 and 33 (SI Appendix, Fig. S4 ). Interestingly, these amino acid sequences are not part of the human microdystrophin sequence. The human microdystrophin cDNA includes amino acid sequences 1-677 and 2,942-3,408 of the total 3,685 amino acid sequence of human dystrophin. Overall homology between mouse and human dystrophin sequences is 91.6% shared amino acid identity (44) . Peptide groups 23 and 33 share 89% and 84% homology, respectively, to the mouse peptide counterparts. Because the possibility of revertant myofibers still exists in the mdx/mTR G2 mice, these two groups of peptides may encompass the immune epitopes for an autoreactive T cell response against endogenous dystrophin. Cytokine analysis of the T cell supernatants by sandwich ELISA resulted in no statistically significant production of IFN-γ, TNF-α, IL-6, or IL-17 to any of the 62 peptide groups. 12 vector genomes of rAAV6-CMV-H3μDYS intravenously at 6 wk of age. Mice were then separated into three groups of five mice, and administered with either vehicle, empty control vector (pBHT1CI), or pBHT1CI-H3μDYS. Thirty-two weekly intramuscular injections were given to both hindlimbs. Blood samples were collected at weeks 0, 5, 16, and 32. (D and E) Muscle force was measured in the lateral gastrocnemius muscle in vivo in 38-wk-old anesthetized mice by electrical stimulation of the sciatic nerve and the generated force was recorded. Data show specific twitch force (D) and specific tetanus force (E) and are represented as average ± SEM (n = 5). *P < 0.05 by Student's t test.
Engineered Microdystrophin DNA Plasmid Treatment Decreases
Antibody Reactivity to Dystrophin and AAV6 Capsid. Following systemic gene replacement with rAAV6-microdystrophin vector genomes, serum samples were collected at 5, 16, and 32 wk during the weekly engineered DNA plasmid treatments (Fig. 1C) . These samples were analyzed by microarray analysis for antibody production against dystrophin and AAV6 capsid protein, with matched week 0 (baseline) sera analyzed in parallel to establish the fold change in reactivity relative to baseline. The 1,404-feature proteomic arrays for dystrophin and AAV6 capsid contain Table S1 ). The investigator performing the assay was blind to the identity of the treatment.
Arrays incubated with the collected serum revealed that mdx/mTR G2 mice developed an increasingly expanded antibody repertoire against epitopes derived from human dystrophin over time. The significance analysis of microarrays (SAM) algorithm was applied to identify antigen features with statistically significant differences in array reactivity between the treated groups (45) . A hierarchical cluster algorithm, using a pairwise similarity function, was deployed to order SAM-selected antigen features based on degree of similarity in their antibody reactivity profiles (46) . We set the q value (false-discovery rate) to reflect a direct comparison between the vehicle and pBHT1CI-H3μDYS groups. The data are presented as a heatmap.
At 5 wk, we found a limited antibody reactivity by SAM analysis against seven human dystrophin peptides that were generated by the vehicle-treated mice. These same antibody responses were notably lower in the pBHT1CI-H3μDYS-treated mice (Fig. 4A ) (q value = 34.9%). After 16 wk of tolerizing DNA vaccine treatment, SAM analysis revealed antibodies against 42 human dystrophin peptides in the vehicle-treated mice that were again decreased in the pBHT1CI-H3μDYS-treated mice ( Fig. 4B ) (q value = 3.4%). Finally at the end of the study, after 32 wk of tolerizing DNA vaccine treatment, SAM analysis identified strong antibody reactivity against 66 human dystrophin peptides in the vehicle-treated mice that were predominantly diminished in the pBHT1CI-H3μDYS-treated mice (Fig. 4C ) (q value = 4.5%). During all three time points assayed, the pBHT1CI empty vector control group had antibody reactivities that always ranged between the vehicle-treated group and the pBHT1CI-H3μDYS-treated group. Because the vector backbone contains immunosuppressive GpG sequences, treatment with just the pBHT1CI empty vector alone may be providing an additional nonspecific antiinflammatory effect (26, 36) .
Peptide sequences identified by SAM analysis were further grouped into those that encompassed human microdystrophin versus those that were from the remaining regions of full-length human dystrophin (Fig. 4) . At all three timepoints, the antibody repertoire reacted to epitopes that are both within and outside of microdystrophin. Whether this immune response was due to revertant myofibers, or enhanced due to the introduction of the microdystrophin transgene, cannot be determined at this time. Nevertheless, the data indicate that the engineered microdystrophin DNA plasmid suppressed the antibody responses to regions of both microdystrophin and full-length dystrophin. We also summarize the evolution of the initial seven peptides targeted by antibodies at week 5 and follow them through weeks 16 and 32 to highlight the efficacy of the engineered DNA plasmid in dampening the B cell response (SI Appendix, Fig. S5 ).
Finding antibody reactivity to the AAV6 capsid protein was also a distinct possibility given that a rAAV6 viral vector was used for systemic microdystrophin gene delivery (33) . Mice surveyed at week 5 (Fig. 5A), week 16 (Fig. 5B) , and week 32 (Fig. 5C ) also developed an increasingly expanded antibody repertoire against peptide sequences specific for AAV6 capsid that were detectable in vehicle-treated mice and diminished in pBHT1CI-H3μDYS-treated mice. Once again, the pBHT1CI empty vector control group had moderate antibody responses against AAV6 capsid peptide sequences. Here we are able to show that mice treated with systemic rAAV6-microdystrophin gene replacement develop antibodies against AAV6 capsid over time. Moreover, we also show that engineered DNA plasmid treatment reduced this antibody response to AAV6 capsid determinants.
Discussion
In DMD patients, exons 3-5 and 45-55 of the dystrophin gene are hotspot regions for mutations that can effectively disrupt the reading frame of dystrophin mRNA (4, 47) . This results in a prematurely truncated and unstable dystrophin protein that emanates in the dystrophic phenotype. Current gene therapy methods to restore dystrophin gene expression include gene repair, exon skipping, and gene replacement. Clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 technology (48) generates targeted deletions within the mutated exon to restore the dystrophin reading frame. Thus, CRISPR/Cas9 genome editing permanently corrects the defect in the dystrophin gene rather than just transiently adding a functional dystrophin gene. This technology is still in preclinical developmental stages for the treatment of DMD amid concerns with immune responses to both the bacterial-derived Cas9 protein and to the AAV expression vector, and concerns with a high frequency of off-target cutting (48) (49) (50) (51) (52) (53) .
With exon skipping, antisense oligonucleotides serve as structural analogs of DNA that allow faulty parts of the dystrophin gene to be skipped when it is transcribed to RNA for protein production (54) . The downside with exon skipping is that it does not permanently repair the mutated dystrophin gene and requires repeated delivery of mutation-specific antisense oligonucleotides or the transfer of transfected muscle satellite stem cells (47, 54, 55) .
Myoblast cell transplantation as a method of gene transfer was initially promising in the mdx mouse model of DMD (56) . Intramuscular injections of normal myoblasts into mdx mice formed mosaic muscle fibers that expressed the normal dystrophin gene from the implanted myoblasts (56) (57) (58) . Several subsequent human clinical trials with myoblast-mediated gene transfer as therapy for DMD patients produced detectable dystrophin transcripts from donor myoblasts derived from a male relative (59) (60) (61) (62) (63) . However, the efficiency of donor myoblast implantation and myofiber transduction in human DMD patients remained low (56) .
The long-term goal in DMD is to replace the defective or missing dystrophin protein. One of the problems with effectively replacing dystrophin in attempts at gene therapy is an unwanted immune response to dystrophin or its orthologs that are recognized as neoantigens (35, 64, 65) . Braun et al. (15) reported on the immune rejection of human dystrophin following intramuscular administration of a full-length human dystrophin Escherichia coli plasmid in mdx mice. Both B cell and weak T cell responses against the human dystrophin protein found 21 d following plasmid injection coincided with transient myositis. Maximal dystrophin expression was detected at 7 d, but expression waned by day 28, even after boosting on day 21 (15).
Mendell et al. (17) found modest dystrophin-specific T cell immunity in patients with DMD both before and after gene therapy in a human clinical trial. A small clinical trial of six DMD patients received a single dose of either 2 × 10 10 or 1 × 10 11 of a functional rAAV2-minidystrophin transgene delivered intramuscularly to one bicep. Only two of the six patients had detectable dystrophin in the injected myofibers after 6 wk, indicating a failure to establish long-term transgene expression. Surprisingly, peripheral T cells specific for dystrophin were discovered in two other patients before vector treatment, which was presumed due to the expression of dystrophin in revertant muscle fibers (17, 66) .
Another obstacle that occurs when a viral vector is systemically administered for gene replacement therapy is the immunogenicity of the AAV capsid that can also be detected in patients (16) . Indeed, Manno et al. (67) reported successful transduction of liver by rAAV2-factor IX in hemophilia patients that then gradually declined over a period of about 8 wk due to T cellmediated immunity specifically targeting AAV capsid antigens. Studies in preclinical animal models showed long-lasting therapeutic expression of factor IX (67) (68) (69) (70) . The anti-AAV immune response following systemic viral vector delivery is likely triggered from memory responses to prior wild-type AAV exposure. Natural infection with wild-type AAV occurs widely among humans and not typically found in research animals (43) .
Thus, a technology that could induce immunological tolerance to specific antigens, whether dystrophin or AAV capsid proteins, will likely be necessary for effective gene replacement therapy. Over the past decade, our group has shown proof-of-concept for this approach in animal models of MS and T1DM (25) (26) (27) (28) , and has taken the program into human trials in relapsing-remitting MS, in 280 patients (30, 32) , and in T1DM, in 80 patients (31) .
Here we explored how we might tolerize to immunogenic domains of dystrophin and to AAV, to overcome two of the existing obstacles hindering the long-term success of gene therapies for DMD. We refer to tolerization here as reduction of the adaptive immune response to the wild-type protein, or to the "miniprotein" encoded in the viral vector. Tolerization also encompasses reduction of the response to the viral capsid proteins.
In this study, systemic gene replacement with rAAV6-microdystrophin vectors into 6-wk-old mdx/mTR G2 mice restored expression of dystrophin for up to 38 wk of age. The addition of weekly intramuscular injections of an engineered microdystrophin DNA plasmid, pBHT1CI-H3μDYS, significantly increased the generation of muscle force compared with control-treated mice. This observation suggested the possibility that antigen-specific therapy may be aiding in the effective expression of the microdystrophin transgene by suppressing aberrant immune response against the rAAV6-microdystrophin vector.
Early studies by our group reported that mdx/mTR G2 mice have markedly decreased muscle force as early as 8 wk of age, developed severe functional cardiac deficits as early as 32 wk of age, and had elevated serum CK levels at 8 wk of age that declined by 60 wk of age (23, 24) . mdx/mTR G2 mice also have significantly reduced lifespans, with death occurring as early as 48 wk of age with a t 50 of 80 wk of age (23, 24) .
Although several of the other functional assays in the present study showed no significant differences between the treatment groups, future studies where the treated mdx/mTR G2 mice are followed beyond 60 wk of age, at which point many of the severe dystrophic phenotypes are more pronounced, would potentially aid in determining the additional benefits of this combination treatment.
It is noteworthy that such a robust expression of dystrophin in AAV6-microdystrophin-treated animals did not result in decreased CK values. Serum CK levels decrease as mdx mice age, and similar decreases in CK are seen in older humans with DMD. In addition, CK levels can be elevated in mice that are handled a lot, and in mice who move around significantly. While AAV vectors are quite useful for systemic delivery, there are significant differences in transduction between individual muscles. The best improvement of CK levels was observed in AAVtreated older mdx mice. Even then, only a 90% reduction in serum CK levels was attained in mice that were 2-y-old (71) . In that study it should be noted that 10 13 vector genomes were administered, a higher dose than used here.
Many dystrophin + fibers still have centrally located nuclei, suggesting that despite restoration of dystrophin expression in these fibers, histological correction did not occur and myonuclei were not relocated to the periphery. Reversal of central nucleation is a very slow process. Until recently centrally located nuclei was considered an irreversible phenotype. However, in one of the few studies to directly test this issue we found that central nucleation could be slowly reduced in AAV-microdystrophininjected tibialis anterior muscles of mdx mice (14) . Interestingly, in that study the reversal of central nucleation occurred over many months, but by 6-mo postinjection nearly 15% of myofibers still displayed central nucleation. Thus, our data suggest that this architectural abnormality of dystrophic muscle can be ameliorated, but it is a slow process.
Adaptive immune responses to dystrophin and to the capsid proteins of the vector encoding dystrophin have been seen in studies of gene therapy of DMD in preclinical models. Weak T cell responses to human dystrophin were detectable, and IFN-γ production in mdx mice was observed at 42 d after intramuscular injection of a plasmid containing full-length human dystrophin (15) . AAV2 and AAV8 capsid-specific CD8
+ IFN-γ-producing T cells were identified by flow cytometry in mice 9 d after injection of AAV2 VP1 capsid or AAV8 VP1 capsid, respectively (72).
Here we did not detect any robust T cell responses specifically toward the microdystrophin transgene or to AAV6 capsid using 3 H-thymidine uptake to measure the T cell responses to overlapping peptides. However, we did find weak T cell reactivity against two regions of dystrophin, p1651-1730 and p2401-2480, which were outside of the microdystrophin transgene. We hypothesize that this dystrophin-specific T cell reactivity may already have been generated against endogenous dystrophin in revertant myofibers or other nonmuscle dystrophin isoforms that could still be expressed in the mdx/mTR G2 mice, similar to what Mendell et al. (17) found in two patients. Cytokine analysis of the T cell supernatants by sandwich ELISA did not detect any notable production of IFN-γ, TNF-α, IL-6, or IL-17 to AAV6 capsid or dystrophin, including the two T cell-reactive regions of dystrophin, p1651-1730 and p2401-2480. We found that several inflammatory cytokines, including IFN-γ and IL-6, were modestly reduced but not with statistical significance following combination therapy.
Humoral immune responses to AAV capsid proteins have been previously reported histologically in both wild-type and mdx muscle following intramuscular injection of the AAV vector (73, 74) . Dystrophin antibodies have also been detected by Western blot analysis following intramuscular injection of full-length human dystrophin plasmid DNA into mdx mice (75) . Here, we used our proteomic array technology to profile the evolution of peripheral antibody responses to dystrophin and AAV6 capsid following human microdystrophin gene replacement in mdx/ mTR G2 mice. Over the course of the 32-wk study, we measured the expansion of adaptive antibody responses to both dystrophin and to AVV6 capsid in mdx/mTR G2 mice that received AVV6-microdystrophin gene replacement. Mice that were also treated with the engineered microdystrophin DNA plasmid had notably reduced antibody responses both to microdystrophin and to other regions of full-length dystrophin, as well as to epitopes of AAV6 capsid.
These data were surprising to us, as we had initially planned on including a second engineered DNA plasmid containing the AAV6 capsid cDNA as part of the combination therapy, to directly suppress the immune response to AAV6. We can rationalize this unexpected and encouraging observation, in part, as due to the vector effect, given that our pBHT1CI empty vector control-treated group also showed improvement over the vehicle control group in three measurements, including: (i) increased generation of muscle force, (ii) increased expression of dystrophin immunohistochemically, and (iii) in reduction of antibodies against dystrophin and AAV6 capsid. Unmethylated bacterial CpG motifs, which trigger an inflammatory innate immune response through the TLR9 signaling pathway, are found within the rAAV6-microdystrophin vector due to the necessity of having to initially grow the AAV-microdystrophin expression vector in bacterial cultures (76) . Our modified pBHT1CI plasmid backbone contains several engineered antiinflammatory GpG motifs that, by themselves, can nonspecifically suppress the CpG mediated proinflammatory immune response (36) . Another possibility is that tolerizing DNA vaccines may activate CD4 +
CD25
+ T regulatory cells and induce a shift from proinflammatory Th1 cells to antiinflammatory Th2 cells (77) . These other immunomodulatory mechanisms could also mediate tolerance to the AAV components in the rAAV6-microdystrophin gene therapy vector.
Timing of the tolerization protocol may be critical, and earlier intervention may be warranted. Typically, mdx mice go through a period of strong degeneration/regeneration at 2-3 wk of age, with increased inflammation reported during this time. Such muscle remodeling/increased inflammation might trigger some of the observed reactivity to dystrophin in regions that would only be expressed by revertant fibers. Beginning tolerization at even 1 wk of age may obviate this inflammatory response.
In conclusion, to retain persistent transgene expression at therapeutic levels for DMD, AAV-based gene therapy may need to be coupled with immunosuppression. Indeed, several forms of immunosuppression have already been demonstrated in DMD animal models to successfully dampen the cellular responses against AAV. These current treatments, including anti-CD4 antibody, antithymocyte globulin, cyclosporine, prednisone, tacrolimus, mycophenolate mofetil, and plasmapheresis all broadly suppress the immune system, which would not be ideal for young DMD patients (16, 69, 70, 78) . We offer, instead, a well-tolerated antigen-specific therapeutic technology that can now be included with gene replacement therapy for DMD and other inherited genetic mutations, such as retinal dystrophy or hemophilia. Thus, overcoming a known deleterious issue with gene replacement therapy may be resolved with DNA plasmids engineered to reduce immunity to the viral vector and to the protein delivered by the transgene.
Materials and Methods
Generation of Constructs. rAAV6-microdystrophin. The rAAV6-CK8-coh-H3μDYS (rAAV6-microdystrophin) vector comprising serotype 6 capsids was generated by cotransfecting the "hinge 3" codon-optimized human microdystrophin pAAV CK8e-coh-H3μDYS expression vector (34) together with the pDGM6 packaging plasmid into HEK293 cells. The rAAV6-microdystrophin vector genomes were harvested, purified, and quantitated as previously described (33, 35) . Engineered DNA plasmid. The "hinge 3" codon-optimized human microdystrophin pAAV CK8e-coh-H3μDYS expression vector (8162 bp) was digested with XhoI and HpaI to isolate the H3μDYS microdystrophin gene with the "Ck8e" small enhancer plus promoter sequence (3,630 bp) (34, 35) . This "Ck8e" human microdystrophin cDNA includes amino acid sequences 1-677 and 2,942-3,408 of the total 3,685-amino acid sequence of human dystrophin (34) . The engineered DNA vector (pBHT1CI) was digested with HindIII and XhoI (3,052 bp). The function and control features of BHT1CI include the human cytomegalovirus immediate-early gene promoter/ enhancer, a chimeric intron sequence, a bovine growth hormone gene polyadenylation signal, a kanamycin resistance gene, and a pUC origin of Vehicle pBHT1CI pBHT1CI-H3µDYS 
